Introduction
Accurate wavelengths and widths of characteristic X-rays are of interest scientifically because these measurements are used as tests of relativistic theoretical calculations and as standards in some experiments. In both of these applications it is often convenient and/or necessary to measure X-rays from elements spaced throughout the periodic table. A simplified source for producing intense characteristic X-rays is electron bombardment of a solid target containing the element whose X-rays are desired. For the measurements reported here, it is essential that the bombarding electrons have an energy of several hundred keV because high Z K series X-rays have energies around 100 keV. The efficiency of the high resolution X-ray spectrometer is very low so that electron currents on the order of a milliampere are needed to produce intense enough sources for reasonable data throughput. Such high currents cause appreciable heating of the targets so that provision for cooling is necessary. In addition, for a study over a wide range of Z, the targets need to be easily interchangeable.
A modest electron accelerator equipped with a rather simple target chamber satisfies all of the above source requirements. Fortunately there are a number of electron accelerators at NBS including a 4 MeV electron Van de Graaff which had a large block of available beam time and space in the target room. A water cooled target chamber was assembled and attached to an existing beam port and a two-crystal spectrometer was moved into the target area.
Experiment Accelerator
The 4 MeV electron Van de Graaff was operated at 2.5 MeV for all of the measurements. This energy was chosen because the production of K X-rays is near maximum for bombardment of thick mid-to-high Z targets at this energy1. Figure 1 shows the dependence of the K X-ray yield on the bombarding electron energy for thick targets of silver and gold. For high Z elements a significant increase in yield results from increasing the bombarding electron energy from a few hundred keV to a few MeV. Figure 1 suggests that the use of 4 MeV electrons would lead to increased yields for high Z targets. However, our measurements require that the accelerator operate in a stable manner for several hours. Stabilization of the accelerator at 2.5 MeV following conditioning of the accelerator to an energy of 3.5 to 4 MeV permitted satisfactory operation of 4 to 5 hours. Stabilization at 3 MeV reduced the operating time to about 2 hours.
The position and focus of the electron beam on the target was monitored by means of fluorescent coatings and a television camera. Beam diameters of 1 to 2 mm were typical. Because of the low efficiency of the spectrometer, background radiation levels need to be reduced as low as possible. Background radiation was reduced to a tolerable level by properly conditioning the accelerator to prevent any voltage breakdown and by carefully adjusting the beam optics to prevent the beam from striking any apertures or pipes. In addition, rather massive lead and concrete shielding is used around the target chamber, the spectrometer, and the detector. Typical background counting rates are 0.5 to 1 count/sec. The geometry of the electron beam, target, and X-ray spectrometer entrance angle is shown in Fig. 2 . The target angle, a, was 30 deg and the spectrometer entrance angle, 0, was 120 deg from the beam direction. This backwards X-ray direction was chosen in order to reduce the bremsstrahlung background which is strongly peaked in the forward direction.
Targets
The solid targets were disks of 1.7 cm diameter and 0.5 to 1 mm thickness. The dependence of the K X-ray yield as a function of target thickness for gold is shown in Fig. 3 . The thickness of the targets was 2 chosen to be on the order 0.5 of the electron range which is sufficient to give maximum photon yield at 2.5 MeV1. The targets were mechanically held to a water cooled aluminum target post which also served as a Faraday cup. The gas target was a high pressure (2 x 106 Pa) thin window cell which was also water cooled.
The target and target chamber are electrically insulated from each other and the accelerator vacuum pipes. The target and chamber currents were measured by means of an electrometer and were used to normalize the X-ray intensity. Beam currents of 20 to 50 microanperes were typical. For some targets (i.e., Pb), temperatures near the melting point were achieved in the area of the electron beam spot. 
X-ray spectrometer
The X-ray spectrometer is a two-axis flat crystal transmission spectrometer which measures the small Bragg angles through which the X-rays are diffracted. The spectrometer is shown schematically in Fig. 2 . The axes of the spectrometer are equipped with angle measuring interferometers of the Michelson type modified to be polarization sensitive. They have an accuracy of a few tenths of a milliarc second. The spectrometer operates under complete control of a computer and has an angular range of ± 15 degrees. The axes are calibrated in degrees by using a 24-sided optical polygon. All 24 external polygon angles are measured in terms of interferometer fringes and the sum of the angles is required to equal 360 degrees.
The crystals are nearly perfect Si wafers cut so that reflection occurs from the 220 planes. The crystals are 5 cm by 2.5 cm, but only a small central area is used for the X-ray measurements. The lattice spacing of the crystals has been measured in terms of optical wavelengths using the techniques of simultaneous X-ray and optical interferometry and lattice spacing intercomparisons of nearly identical crystals. These techniques have been described in detail in a recent review article along with the angle measuring spectrometer3. The accuracy of the lattice spacing determination is 0.1 to 0.2 ppm. X-ray profiles or rocking curves are recorded in a point-by-point manner using a NaI(TQ) detector. Profiles are recorded for the parallel (non-dispersive) and anti-parallel (dispersive) positions. The efficiency of such a two-axis flat crystal spectrometer is a few times 10 The most informative comparison between experimental and theoretical X-ray energies which was available in 1979 used a highly selected set of X-ray emission lines and the all Z calculation of Huang, et al5. The X-ray data set included a few X-ray lines (Cu Ka1, Mo Ki1,6 7 and W Kai17) which were directly measured on the optically based scale using the techniques described here. Precision X-ray measurements using a curved crystal spectrometer8 calibrated with optically based y-ray standards9 also contributed a significant number of lines to the data set Fig. 4 Fig. 4 is the nearly linear dependence of the discrepancy as a function of Z. Several of the points in Fig. 4 Fig. 5 . The most striking feature of Fig. 5 is the absence of the dominant Z dependent trend which was evident in Fig.   4 . The Ka lines show a more or less constant difference of 1 to 2 eV up to Z X 85, differences near zero around Z = 90 to 92 and larger (5 eV) differences around Z = 97. A possible explanation of the relatively constant 1-2 eV discrepancy is uncalculated electron correlation effects. 16 For the inner K and L levels which are involved in these transitions, ground-state and hole-state configuration interaction with nearby bound states and with radiation and radiationless continua may have to be considered. 
